This paper examines guided wave transmission characteristics of plate stiffeners and their influence on the performance of acoustic noise source location. The motivation for this work is the detection of air leaks in manned spacecraft. The leaking air is turbulent and generates noise that can be detected by a contact-coupled acoustic array to perform source location and find the air leak. Transmission characteristics of individual integral stiffeners are measured across a frequency range of 50-400 kHz for both high and low aspect-ratio rectangular stiffeners, and comparisons are made to model predictions which display generally good agreement. It is demonstrated that operating in frequency ranges of high plate wave stiffener transmission significantly improves the reliability of noise source location in the plate. A protocol is presented to enable the selection of an optimal frequency range for leak location. Abstract This paper examines the influence of guided wave transmission characteristics of plate stiffeners on the performance of acoustic noise source location technology. The motivation for this work is the detection of turbulence-generated noise by a contactcoupled acoustic array, to perform source location and find the air leak (in a manned spacecraft) responsible for the noise. Transmission characteristics of individual integral stiffeners are measured across a frequency range of 50 to 400 kHz for both high and low aspect-ratio rectangular stiffeners, and comparisons are made to model predictions which display generally good agreement. It is demonstrated that operating in frequency ranges of high plate wave stiffener transmission significantly improves the reliability of noise source location in the plate. A protocol is presented to enable the selection of an optimal frequency range for leak location.
INTRODUCTION
In this paper we investigate the influence of rectangular geometric obstructions, such as integral stiffeners typical in aerospace structures, on guided plate wave propagation. The motivation for the work is the development of a method to exploit noise generated by turbulence that occurs when air leaks through a small orifice into vacuum at a pressure differential of about one atmosphere. The situation is intended to model a small air leak 2 in a manned spacecraft, such as the International Space Station (ISS), where scientific equipment and life support systems preclude rapid location of a meteorite or debriscaused air leak in the spacecraft pressure vessel wall because of its inaccessibility [?, ?] .
Although turbulence-generated airborne noise is the conventional method of locating leaks in terrestrial pressurized systems, because the air leaks from inside the occupied spacecraft into the vacuum of space, there is almost no airborne noise generated inside the spacecraft. The method we have reported [?] relies instead on ultrasonic noise (20-400 kHz) generated by the leak in the skin of the spacecraft structure, through aerodynamic coupling of the escaping air to the plate-like pressure vessel wall. Because the diameter of the spacecraft is much larger than the longest ultrasonic wavelength, the vessel wall Our own prior work [?, ?] has shown that boundaries or geometric obstructions may limit performance of the leak location procedure by causing acoustic echoes or reverberations. That work focused on the development of a detector capable of sensing the dispersive Lamb modes coupled into a plate at the source of a leak. Successful leak location has been demonstrated on simulated spacecraft structure using an 64-element diced PZT (lead zirconate titanate) piezoelectric array detector [?] . In an environment where prompt and accurate leak location is critical, the procedure must be accurate and robust, so the current work focuses on a study of guided wave propagation in spacecraft structure and the development of a method to select the optimal detection center frequency and bandwidth.
One of the main factors influencing leak location reliability is the geometry of the Plate wave scattering at stiffeners 3 spacecraft structure itself. To add additional rigidity and strength with minimal weight, spacecraft structures typically include integral stiffeners machined into the structure.
These stiffeners scatter the leak-generated noise signal, and based on Boundary Element Method (BEM) calculations [?] , it has been shown that the stiffening ribs act like a frequency-dependent filter, producing frequency bands with high transmission across stiffeners, and frequency bands with low transmission. Despite the complication represented by the stiffeners, the location system described above has been shown to perform well in integrally stiffened plates [?] , provided the frequency range for analysis is carefully chosen to avoid regions where guided wave transmission across stiffeners is low.
In this paper we report measurements of guided wave transmission across two types of stiffeners and compare experimental data to the results of BEM calculations. Optical laser vibrometer detection -similar to that employed by Morvan et. al.
[?] to measure guided wave reflection from the free edge of a plate -has been chosen to suppress the sometimes inconsistent influence of acoustical coupling between the contact array sensor and the aluminum plate. Acoustical coupling variations can make the received signal amplitude difficult to reproduce after detachment and re-attachment of the array sensor.
In addition, we demonstrate a method to choose an optimal frequency range in which to perform robust leak location measurements. We find that guided wave transmission measurements using a piezoelectric point source and an optical virtual array receiver agree well with the BEM calculations over a frequency range of 50 to 400 kHz for two types of stiffener geometry when the incident guided wavevector is at, or near, normal incidence on the stiffener. As a by-product of our investigation we have developed a frequency selection protocol to assist with the application of the method to leaks in many kinds of spacecraft with arbitrary rectangular obstructions. We find that it is best to include the entire frequency range in the active analysis, because when integrated over the entire detection spectrum, the frequency range that produces accurate results dominates the ranges that do not. In what follows, we will present the scattering measurements and theoretical summary first, followed by our proposed detection protocol. 
Experimental Technique
A Polytec OFV-5000/OFV-505 Laser Vibrometer measures the out-of-plane particle velocity on the plate surface at both the incident and transmission sides of the stiffener.
The vibrometer is mounted on a two-axis motion control stage which translates the entire laser for horizontal control and deflects the beam with a mirror for vertical control. At the frequencies involved, the sensitivity of the laser vibrometer is very poor compared piezoelectric sensors. A point contact horn on the source transducer best approximates a point source, but is inefficient. Because of both of these conditions, transducer 10
4 averaged impulse responses at a simulated leak source, acquired at a rate of 100 Hz, provide the desired signal-to-noise ratio. To achieve the best results, the full usable spans of the plates are scanned with 1 mm spacing.
A 9.5-mm diameter contact transducer coupled to a non-resonant ultrasonic horn of the contact source transducer, and two independent 1-dimensional coordinate scans with the laser vibrometer (indicated by the lines of circles) measure the incident and transmitted waves. Because the signal is repeatable only a single measurement need be made at a time. The butyl rubber inhibits undesirable reflections, and data is captured until all ringing and wave propagation have decayed to below the noise threshold. Different arrangements of the point source and array receivers were considered, but only this arrangement has produced acceptable results since incident and reflected waves are
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Analysis
Integral stiffeners scatter guided Lamb modes in a complex fashion, as will be explained later. The stiffeners reflect and transmit the signal depending on frequency, aspect ra- . In our case, we look at normal incidence with the expectation that our results can be extrapolated based on this theory.
A single incident mode may be mode-converted into multiple scattered modes. The overall behavior is represented with an energy transmission coefficient, defined at frequency ω by
where E tr n and E inc n are the transmitted and incident energies of the n th guided wave modes, respectively. Because only the A 0 and S 0 modes exist at low frequency, and because the A 0 mode dominates over the symmetric mode under the asymmetric excitation used in our experiments, only the A 0 mode need be considered. With that simplification, the transmission coefficient is
Neglecting phase and assuming a mode-dependent constant of proportionality C A 0 between the square of signal amplitude A and energy E for this mode, the expression can further be simplified to
where the amplitudes are measured with the laser vibrometer. To correct for radial falloff
Plate wave scattering at stiffeners 7 of the waves as they spread in two dimensions, the signal measurements are normalized by 1/ √ r, where r is the distance from the noise source to the measurement location.
Because the measured guided wave amplitude will be a superposition of incident and reflected waves as well as waves reflected from the boundaries, amplitudes are sampled along a line containing the source and perpendicular to the stiffener, as depicted in Fig. 1 .
A spatio-temporal Fourier transform of the measured signal, as described by Sachse and
, permits separation of the modes and guided wave propagation directions in frequency-wavenumber space.
Model Comparison
Experimental measurement of the stiffener transmission frequency dependence is cor- The modeling approach uses a boundary integral equation formulation to determine wave motions on the surface of the stiffening rib. The model used to obtain the predictions presented in this work segments the problem into a body which joins multiple semi-infinite plates. The geometry of the joining body is restricted to one of extrusion, i.e., its crosssectional profile is invariant in the direction of the semi-infinite plate edges that attach to it. The geometry of the joining body is otherwise arbitrary. The guided wave field which impinges on the joining body through one of the attached plates can likewise be arbitrary in geometry. However, the comparison presented in this paper restricts consideration to the special case of plate wave incidence having a linear phase front oriented parallel to the semi-infinite plate edge, and uniform displacement amplitude in the direction of the phase front. Consequently, the problem formulation is inherently two-dimensional in nature.
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The joining body is prescribed to be a short section of plate to which is attached a stiffening rib, as depicted in Figure 1 . After determining the surface wave field on the joining body for a specified incident guided wave, guided wave transmission and reflection coefficients are evaluated by a third application of wave field reciprocity. In this case, reciprocity is expressed between the guided wave fields propagating the semi-infinite plates resulting from transmission or reflection at the joining body, and the Green function for a point load acting in an infinite
Plate wave scattering at stiffeners 9 plate, where the point load is acting at a large distance from the semi-infinite plate edge (far-field evaluation). As with the calculation of the impedance relation, use of the infinite plate Green function reduces the domain of integration to the plate edge, over which the wave field is known through the BEM solution of the joining body problem. In the case of far-field evaluation, the Green function takes the form of a sum of propagating plate modes, each term of which when used in the reciprocity relation yields the corresponding transmission/reflection coefficient for the mode of that type, such as represented in Eq.
.
In applying the computational model to the low aspect ratio stiffener (4.76 × 4.76 mm), 5 boundary segments were prescribed on each face of the stiffener, and on each plate attachment surface, yielding a total of 30 segments. On each segment, a second order polynomial is used to represent the sought wave field, requiring 3 weighting coefficients.
Solving for two components of either displacement or surface traction thereby required inversion of a 180 × 180 boundary element matrix. The width and height of the high aspect ratio stiffener (2.55 × 22 mm) was subdivided into 2 and 15 segments, respectively, with 5 segments prescribed over the plate attachment surfaces, leading to inversion of a 264 × 264 boundary element matrix.
RESULTS AND DISCUSSION
3.1 Guided wave transmission across stiffeners The narrow stop bands observed in Fig. ? ? for the high aspect ratio stiffener are the signature of a resonance. Transmission is blocked when the phase of the incident wave and the phase of a reflection in the stiffener come into alignment. For the low aspect ratio stiffener, we hypothesize that such a resonance is less well defined, hence 
Detection frequency and range selection
The device developed to realize the ideas presented in the introduction is a 64-element piezoelectric array [?] coupled to the plate using various coupling gels to achieve a level of consistency in the readings. Even with great care, however, some acoustical coupling variation is unavoidable. To bypass the experimental uncertainty represented by such variations, we have chosen in these experiments to conduct the tests using the same laser The replacement of the air leak with a known pulsed source changes slightly the signal processing from the leak case because the excitation is now deterministic, and crosscorrelations are unnecessary. The interpretation, however, is unchanged. To summarize the method briefly, the signal generated by the source and arriving at the jth element of the detector array can be expressed, for distance |x j | 1/k n (ω), as
where V represents the voltage at the jth vector position x j and frequency ω. The term N represents the complex amplitude and phase of the noise source, and the propagating waves are summed over all guided wave modes n with amplitude coefficient A n . We can represent the jth array element vector position x j as the sum of the array reference position x 0 and a relative element position s j ,
The distance to a specific element can be written using the far-field approximation as
where d is a unit vector pointing from the leak coordinates to the fixed reference position.
Then, substitution into Eq. (??) yields
The detector array (PZT or laser vibrometer) is not infinitely large, so its finite spatial extent means that a spatial window function W (x) is applied to the acquired data. The two-dimensional Fourier transform of Eq. (??) in transform variables k and ω gives
where the amplitude coefficients have been grouped into B n . Representing the data in a two-dimensional wavenumber map, the energy in all modes n and at frequency ω lies along This direction can then be discerned by inspection of the map. Summing over a particular frequency range ∆ω enhances the detectability of the leak. This operation results in a much improved detection accuracy and a more robust leak location method. Suppressing the parametric dependence on frequency ω and local array vector s, we have
The purpose of this exercise is to identify the optimal frequency range ∆ω = ω 2 − ω 1 over which to perform this operation.
Selection of the proper frequency band is critical to determining the most probable leak location and minimizing the number of required sensors. Three factors determine this frequency band: leak noise spectrum, array detector sensitivity, and noise transmission across structural features. A robust leak location system must operate in the intersection of these three criteria.
Basic turbulence theory [?] predicts the leak energy coupled into the plate will decrease with frequency, and in fact it is observed that no usable leak noise lies beyond roughly 400 kHz. This finding matches the sensitivity of the detector, which operates below 500 kHz.
Dicing the PZT array has previously been shown to improve leak location performance
[?], but some residual transverse wave propagation in the crystal and overall reduced performance have still been observed from 75 to 275 kHz. Now that it is clear the integral stiffeners strongly influence guided wave transmission in the stiffened plate, we can rephrase the question concerning the optimal frequency and bandwidth for leak location. Replacing the PZT array, which must make mechanical contact to the plate, with a contactless optical probe completes the elimination of perturbing elements that would tend to obscure the best choice for the frequency and bandwidth. prediction measurements, even across as many as four stiffeners, is in error by more than
5
• for the range 375-400 kHz. Because there are no complicating coupling variations, such as when using the PZT array detector, the behavior observed here must be entirely the result of the acoustic response of the integrally stiffened plate.
These observations using the laser vibrometer detector match very closely the measured performance of the PZT array detector, when it is also operated in this frequency range. Furthermore, these results are completely consistent with the stiffener transmission coefficients in Fig. ? ?. In tests with either the laser vibrometer or PZT array, leak location occurs with consistent accuracy mainly above 275 kHz. Although the test data shown in Fig. ? ? indicate clearly that the guided wavevectors are not always normal to the stiffener, as they are in the transmission coefficients plotted in Fig. ? ?, the data of
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The strong correlation described above between stiffener transmission and accurate leak location seems to favor in situ calibration as the preferable algorithm for frequency range selection. Not all stiffener geometries, however, have such wide pass-bands and stop-bands. For the tall stiffener (2.54 mm wide by 22 mm high) Fig. ? ? shows the measured and calculated transmission coefficients, but with much narrower pass and stop-bands. Extrapolating this behavior to the case of off-normal incidence guided waves across multiple stiffeners is likely more hazardous than for the short stiffeners.
In fact, no such extrapolation is necessary. Figure ? ? shows the same data as those Fig. ? ?, it does demonstrate that a simpler, more robust strategy can still locate leaks with high accuracy. A subtle unstated assumption here is that the acoustic array has a perfectly flat frequency response over the range of interest, which will not occur in any practical device. To compensate for that dependence, which can include coupling variations and wave damping, we would need to reformulate the protocol to give extra weight to those frequency ranges where the signal is stronger owing to these extrinsic effects. Further investigations might include the examination of the angular dependence of guided wave transmission and mode conversion at off-normal incidence on an integrally stiffened plate. Although the transmission coefficients for guided plate waves at normal incidence on a stiffener are only part of the problem of stiffener scattering, this information does provide partial guidance for how to proceed with frequency selection in the leak location problem.
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